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Based on the experimental equations of state (EOS) of the parameters reported in the literature, in the
present work, we reproduced the variation in the unit cell volume up to phase transition pressure for calci-
um-based chalcogenide CaX (X =S, Se, Te) semiconductor materials. We also studied the high-pressure ef-
fect on the crystal density, isothermal bulk modulus, the first order pressure derivative of the isothermal
bulk modulus, and the Grineisen parameter for CaX (X =S, Se, Te) binary compounds. It was found that,
as the pressure increases, both the crystal density and the isothermal bulk modulus increase, while the
first order pressure derivative of the bulk modulus and the Griineisen parameter decrease gradually for all
materials of interest. Similar behaviors of all these parameters against pressure were observed for several

materials in the literature.
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1. INTRODUCTION

Alkaline-earth chalcogenides (AECs) form a very
important closed-shell ionic system [1]. These binary
compounds (AX: A =Be, Mg, Ca, Sr, Ba; X=0, S, Se,
Te) are technologically important materials due to ver-
satility in their physical properties, which make them
useful for numerous applications such as micro-
electronics, luminescent devices, catalysis, etc. [2].

Except for beryllium chalcogenide compounds
(which crystallize in the cubic zinc-blende or B3- phase)
and some other binary materials, the majority of alka-
line-earth chalcogenides crystallize in the NaCl-type
(B1) structure at ambient conditions [3-5].

Among these AEC materials crystallized in the
NaCl-type structure are calcium (Ca) based chalcogen-
ides CaX (X=S, Se, Te). As all crystals, under high
hydrostatic compression, the low-pressure phase of
CaX (X=8, Se, Te) materials is destabilized, and the
structural phase transition occurs [1]. For calcium sul-
fide (CaS), experience shows that the phase transition
appears at a pressure of around 40 GPa; that for calci-
um selenide (CaSe) is at around 38 GPa, while for cal-
cium telluride (CaTe), the first phase transition ap-
pears at a pressure of around 25 GPa [1].

Using first principles approach, Maizi et al. [6] have
investigated the pressure dependence of the structural
and elastic constants of cubic rock-salt CaX (X =S, Se,
Te) compounds up p = 30 GPa. They have studied also
the variation of the thermodynamic properties of CaX
X=S, Se, Te) with raising temperature up to
T=1200 K.

M. Abdus Salam [7] has used an Ab initio calcula-
tion to study several physical properties of CaX (X = O,
S, Se) alkaline-earth chalcogenide compounds. She
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found that the indirect band gap Er.x decreases as the
nuclear charge of the anion increases.

Using the effective interionic interaction potential
(EIoIP) with long-range Coulomb interactions and the
Hafemeister and Flygare type short-range overlap re-
pulsion (extended up to the second neighbor ions and
the van der Waals interaction), Varshney and co-
authors [8] have studied the pressure dependence of the
Gibbs free energy, the second and third order elastic
constants, and the Debye temperature of CaX X =S5,
Se, Te) compounds. Their calculations on the structural
phase transition revealed reasonably good agreement
with the experimental data in the literature.

In the present work, we studied the high-pressure
effect up to the phase transition on the variation in the
relative unit cell volume — AV/Vy, the crystal density p,
the isothermal bulk modulus B, the first order pressure
derivative of the isothermal bulk modulus B’, and the
Grineisen parameter y of calcium-based chalcogenide
CaX (X=3§S, Se, Te) semiconductor materials in the
NaCl-type (B1) structure.

2. THEORY

There are several models [9-11] of the equations of
state (EOS) relating the external pressure p and the
relative volume (V/Vo) of a crystal under compression.
Among these EOS models is the Vinet equation of
state, which is expressed as follows [11]:

1/3
Vv
1[%} } L)

where Bo is the bulk modulus at ambient pressure, Vis
the volume of the solid at pressure p, Vo is the unit cell

1—(V/‘/0)1/3

PV)= 330[ (V/VO)Z/g

} expi3 (B, -1)
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volume at ambient pressure, and B is the first-order
pressure derivative of the bulk modulus B evaluated at
ambient pressure (derivative of B with respect to p).

If the lattice constants of any crystal are available,
it 1s possible to calculate its crystal density p, using the
general formula given as follows [12]:

ZMu ,(2)

p:
abc(sin2 a+sin2ﬁ+sin25—2(1—cosa~cosﬂ~c0s5))

where Z is the number of formula units in a crystal
unit cell, M is the molecular weight of a formula unit in
amu, u is the weight of an amu, «, #and § are unit cell
axes angles, while a, b, and c are unit cell axes lengths.

According to the Vinet equation of state model, the
isothermal bulk modulus B and the first order pressure
derivative of the isothermal bulk modulus B’ are re-
spectively expressed as follows [13]:

B:Box‘2[1+( nx +1)( 1-x )]exp{r]( 1-x )}, (3)
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The Griineisen parameter y plays an important role
in the study of the thermoelastic properties of materi-
als. It helps in knowing the frequency distribution of
the phonon spectrum in solids [13]. The Gruneisen pa-
rameter y under compression may be calculated via
Vashchenko-Zubarev formula as follows [14, 15]:

g 2( P .5
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}/sz = ( _47p ) ’ (5)
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where B and p denote bulk modulus (incompressibility)
and pressure at volume V.

3. RESULTS AND DISCUSSION
3.1 Variation in the Relative Unit Cell Volume

In order to reproduce the variation in the relative
volume — AVIVy = — (V= Vo)/Vo of the unit cell for calci-
um-based chalcogenides CaX (X =S, Se, Te) compounds
under applied pressure p, we used the experimental
EOS parameters reported by Luo et al. [1] (Table 1),
which are measured at ambient pressure.

Table 1 — EOS parameters of CaX (X = S, Se, Te) measured at
ambient pressure [1]

Parameter CaS CaSe CaTe

ao (A) 5.689 5.916 6.348
Bo (GPa) 64 51 42
B’ 4.2 4.2 4.3

Fig. 1 discerns the variation of the relative volume
(= AVIVy) as a function of pressure p for CaX (X = Se,
Te) compounds in a cubic rock-salt structure, along
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that of CaS material [16]. The fits of our data regarding
— AVIVo as a function of p obey these expressions:

-AV

0

=0.008 + 0.014p — 1.56 x 104 p2 (for CaSe),(6)

-AV

0

=0.004 + 0.018 p — 2.91 x 104 p?2 (for CaTe),(7)

where p is expressed in GPa.
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Fig. 1 - (- AVIVy) versus pressure p for CaX (X = Se, Te) semi-
conductors, along that of CaS compound [16]

3.2 Crystal Density

Attempting to predict the effect of pressure on the
crystal density p for CaX (X =Se, Te) compounds, the
different results along that of CaS material [16] are
presented in Fig. 2, which shows that crystal density p
increases monotonically with applied pressure p.
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Fig. 2 — Crystal density as a function of pressure for CaX
(X = Se, Te) compounds, along that of CaS compound [16]

It is found from Fig. 2 that the variation of the crys-
tal density p against pressure reported for CaSe and
CaTe compounds is similar to those observed for other
materials versus pressure as per literature [17-19].

The crystal density p (in g/cm?®) against pressure p
(in GPa) was fitted to the following second order poly-
nomials: p=3.84+6.06x10-2p—4.68 x 10-4p2 for
CaSe compound and p=4.37+8.73x10"2p—
—9.74 x 10 ~*p? for CaTe, respectively.

Fig. 3 shows the variation of the isothermal bulk
modulus B as a function of pressure for CaX X =S, Se,
Te) compounds. As shown in Fig. 3, the isothermal bulk
modulus B increases gradually with pressure for all our
materials of interest, which can be explained by the
fact that the bonding forces between atoms become
stronger with increasing pressure.
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A compound with relatively high compressibility is
affected substantially more than that with relatively
low compressibility. The fits of our data regarding the
isothermal bulk modulus B as a function of p obey
these expressions:

B=64.26 +3.964 p — 1.40 x 10-2 p? (for CaS), (8)
B=51.47+3.848 p—1.73 x 10~ 2 p2 (for CaSe), (9)
B=42.22+4.007 p — 2.04 x 10-2 p? (for CaTe),(10)

where both B and p are expressed in GPa.

At zero pressure, as well as at high pressures, the
bulk modulus B of CaS is greater than these of CaSe
and CaTe compounds. Hence, we can conclude that CaS
material is more incompressible than CaSe and CaTe.

It can be noted that a similar qualitative behavior
of the isothermal bulk modulus B versus pressure has
been reported for AIP semiconductor in zincblende (B3)
phase [12] and MgCa in CsCl-type (B2) phase [19].

The plots of the first order pressure derivative of
the isothermal bulk modulus B’ versus pressure for
CaX (X =S, Se, Te) are shown in Fig. 4.
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Fig. 3 — Isothermal bulk modulus B against pressure for CaX
X =S8, Se, Te) compounds

4.4

B CaS (This work)
® CaSe (This work)
20 O CaTe (This work)

0 8 16 24 32 40
Pressure (GPa)

Fig. 4 — First order pressure derivative of the isothermal bulk
modulus versus pressure for CaX (X =S, Se, Te) compounds

Such as the volume, B’ decreases also monotonically
with raising pressure for all our materials of interest.
The best fits of our data regarding the first order pres-
sure derivative of the isothermal bulk modulus B’ as a
function of p obey these exponential expressions:

B =2.93 + 1.26 exp(— p/17.34) (for CaS), (11)
B' =2.88 +1.31 exp(— p/14.88) (for CaSe), (12)
B’ =3.01 + 1.29 exp(— p/11.04) (for CaTe), (13)
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where B’ is dimensionless and p is expressed in GPa.

Additionally, three linear analytical relations for
the pressure dependence of B’ for CaX (X =S, Se, Te)
compounds may be deduced from the derivation to re-
spect the pressure (B’ = 0B/dp) of B, i.e., from the deri-
vation of Egs. (8), (9) and (10):

B =3.964 — 2.80 x 10-2p (for CaS), (14)
B' =3.848 — 3.46 x 10 ~2p (for CaSe), (15)
B' =4.007 - 4.08 x 10-2p (for CaTe), (16)

where B’ is dimensionless and p is expressed in GPa.
To the best of the authors' knowledge the pressure
dependence of B’ has never been previously reported in
the literature for CaX (X = S, Se, Te) compounds.
Fig. 5 shows the variation of the Griineisen parame-
ter y as a function of pressure for CaX (X=3S, Se, Te)
compounds.
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Fig. 5 — Griineisen parameter versus pressure for CaX (X =S,
Se, Te) compounds

As shown in Fig. 5, it is very clear that y decreases
monotonically with increasing pressure p for all mate-
rials of interest. The Griineisen parameters y of CaS,
CaSe and CaTe materials start with the values of 1.27,
1.27, and 1.32, respectively at zero pressure, and they
reach the values of 0.74, 0.71, and 0.79 at 40, 38, and
25 GPa, respectively.

The best fits of our data on the Griineisen parame-
ter y as a function of pressure obey the following expo-
nential expressions:

y=0.703 + 0.557 exp(— p/16.61) (for CaS), (17)
y=0.683 + 0.558 exp(— p/14.21) (for CaSe), (18)
y=0.739 + 0.574 exp(— p/10.61) (for CaTe), (19)

where yis dimensionless and p is expressed in GPa.

Similar qualitative behavior of y versus pressure
has been reported for bulk and nano ZnO materials in
both B4 and B1 phases [13].

Several works calculate the Debye temperature 6p
of solids from the elastic constants [8, 19-22]. Usually,
Op decreases with increasing temperature and increas-
es with increasing pressure [8]. The value of 6p can be
determined with high precision from low-temperature
measurements of the specific heat [19]. The Debye
temperature 6p of several ionic compounds is adjusted
to the bulk modulus B as follows [16, 22]:
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0, =(hlky)(5r,B/ ). (20)

Here #n=h/2r, h is the Planck constant, ro is the near-
est-neighbor distance, kg is the Boltzmann constant,
and u is the reduced mass. The number 5 applies only
to crystals with a NaCl-type structure [16, 22]. By sub-
stituting the experimental values reported by Luo et al.
[1] of ro and B into Eq. (20), the values of 6p were found
to be 315.7 K for CaSe and 277.1 K for CaTe, respec-
tively. Our values of 6p are in very good agreement
with the theoretical ones ~ 327 and ~ 260 K reported by
Varshney et al. [8].

4. CONCLUSIONS

In conclusion, we determined the effect of high
pressure on the crystal density, isothermal bulk modu-
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Hesaxki ¢gisuuni mapamMmerpu XxaJbKOTeHIIB KAJIbI[iI0 IPU BUCOKUX THCKAX:
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Basyiounch Ha eKCIIepUMEHTAILHUX PIBHAHHAX CTAHy, HABEICHHUX y JITepaTypi, y poboTi MU BiATBOPH-
7 3MiHYy 00’eMy eJIeMeHTAapPHOI KOMIPKH 3aJIesKHO BiJl THCKY (pa30BOro IIepexory A XaIbKOIeHIJHUX HAIl-
srpoBigankoBux martepiams CaX (X =S, Se, Te) Ha ocHoBi Kasbiito. Mu Takox JOCIIIIPKYBAJIN BILIUNB BUCO-
KOr'0 THICKY Ha TYCTHUHY KPHCTAJIIB, 130TepMIUYHHI MOIyJIb 00'€MHOI AedopMariii, IOXiIHY IePIIOro IOPSIKY
3a THCKOM BiJ 130T€pMIYHOI0 MOy 00’ eMHOI medopmairii Ta mapamerp ['pioHaiideHa 1 OiHAPHUX CIIOJIYK
CaX X =S, Se, Te). Bysio BusiBsieHO, 1110 31 301/IBIIIEHHSIM TUCKY TYCTUHA KPHUCTAJIA TA 130T€PMIYHUN MOy JIh
00’emuoO1 gecopmarrii 361IIBIIYIOTHCS, TOML K ITOX1HA MIePIIOro IOPSIKY 34 THCKOM BiJ MOIYyJIs 00 €MHOI Jie-
dopmarrii Ta mapamerp ['proHali3eHa IIOCTYIOBO 3MEHIIYIOTHCS IJIA BCIX AOCTIAKyBaHNX MaTepiamis. [lomio-
HA IOBEJIHKA BCIX IIUX MapaMeTpiB 3aJIesKHO Bl THCKY OIIMCAHA B JITepaTypl IJIA KIJIBKOX MaTepiasiis.

Kmouosi cnosa: Xanmprorenigu kaubinio, [lapamerp ['ponatizena, Bucokuit tnck, EOS.
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